Controlling dropwise condensation is fundamental to waterharvesting systems [1] [2] [3] , desalination 4 , thermal power generation [4] [5] [6] [7] [8] , air conditioning 9 , distillation towers 10 , and numerous other applications 4, 5, 11 . For any of these, it is essential to design surfaces that enable droplets to grow rapidly and to be shed as quickly as possible 4-7 . However, approaches 4-8,10-21 based on microscale, nanoscale or molecular-scale textures suffer from intrinsic tradeoffs that make it difficult to optimize both growth and transport at once. Here we present a conceptually different design approachbased on principles derived from Namib desert beetles 3,22-24 , cacti 25 , and pitcher plants 17, 26 -that synergistically combines these aspects of condensation and substantially outperforms other synthetic surfaces. Inspired by an unconventional interpretation of the role of the beetle's bumpy surface geometry in promoting condensation, and using theoretical modelling, we show how to maximize vapour diffusion flux 20,27,28 at the apex of convex millimetric bumps by optimizing the radius of curvature and cross-sectional shape. Integrating this apex geometry with a widening slope, analogous to cactus spines, directly couples facilitated droplet growth with fast directional transport, by creating a free-energy profile that drives the droplet down the slope before its growth rate can decrease. This coupling is further enhanced by a slippery, pitcher-plant-inspired nanocoating that facilitates feedback between coalescence-driven growth and capillary-driven motion on the way down. Bumps that are rationally designed to integrate these mechanisms are able to grow and transport large droplets even against gravity and overcome the effect of an unfavourable temperature gradient. We further observe an unprecedented sixfold-higher exponent of growth rate, faster onset, higher steady-state turnover rate, and a greater volume of water collected compared to other surfaces. We envision that this fundamental understanding and rational design strategy can be applied to a wide range of water-harvesting and phase-change heat-transfer applications.
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The central concepts for integrating the growth and transport of water droplets are derived from a combination of strategies used by three distinct biological examples-Namib desert beetles 3, [22] [23] [24] , cacti 25 , and Nepenthes pitcher plants 26 -as summarized in Fig. 1 . Several desert beetle species harvest water using their bumpy backs, but the topography of these surfaces has been overlooked, primarily because most previous studies attributed preferential condensation to surface chemistry (hydrophilic bumps with hydrophobic surroundings) and discounted convex topography as inferior to concave, on the basis of research into microscale and nanoscale textures 13, 14, 22, 29, 30 . However, the beetle bumps are large (millimetres across), and recent studies have reported that the entire bumpy surfaces are homogeneously covered with hydrophobic wax 23, 24 , thus questioning the role of localized surface chemistry in promoting condensation. We considered instead that even in the absence of localized chemical patterning or microscale/ nanoscale textures, the specific geometry of convex millimetre-sized surface structures alone could facilitate condensation, and therefore the topography of synthetic bumpy surfaces could potentially be designed to optimize fast, localized droplet growth by focusing vapour diffusion flux 20, 27, 28 at the apex. We further hypothesized that fast growth of millimetre-sized droplets could be coupled to rapid directional turnover by integrating optimized apex geometry with an asymmetric slope analogous to that used by cactus spines to guide capillary-driven transport of harvested water drops. Lastly, the negligible friction of the slippery coating of pitcher plants inspired us to coat the bumps with molecularly smooth lubricant immobilized on nanotexture to facilitate these topography-based mechanisms.
To test the idea that droplets grow faster on convex millimetre-sized surface structures by focused diffusion flux, we measured the diameter of the largest droplet growing on the apex of a simple sphericalcap-shaped bump shown in Fig. 2a (see Supplementary Methods for the fabrication process, Supplementary Tables 1 and 2 for surface characterization, and Supplementary Fig. 1 for experimental setup) . In this test, the depletion layer thickness δ (of the order of 10 mm), where convection normal to the surface is negligible, is much greater than the height of the cap (H ≈ 0.8 ± 0.25 mm), making diffusion of water vapour the dominant mass transport mechanism 28 . As shown in Fig. 2b , the diameter of 
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As indicated by the red to yellow colour gradient, the area where the diffusion flux is greater than on the flat region with the same height becomes increasingly concentrated at and around the apex, and its maximum intensity grows stronger, as the radius of curvature decreases.
Consistent with the analytical and numerical models, we experimentally observe the largest droplet diameters at the apex of sphericalcap-shaped surface features that have the smallest radii of curvature (Fig. 2f, Supplementary Table 3) . However, the rate of droplet growth on the bump with the smallest radius of curvature begins to slow down at later time points (see black curve in Fig. 2f ). This change of slope suggests that the effect of the focused diffusion flux at the apex diminishes when this region (represented by the red colour in the illustration in Fig. 2f ) becomes covered by the growing droplet. To maintain the advantages of the small radius of curvature but avoid this decrease in growth rate, we changed the geometry of the apex from spherical to rectangular, with a flat region on top bordered by rounded edges as shown in Fig. 2g and h. This shape allows us to incorporate an even smaller radius of curvature around the perimeter, combined with an additional area of focused flux on the top flat area. For a smaller width, the superposition of diffusion flux focused on these features collectively results in a larger contiguous area of high diffusion flux. Droplets on the rectangular structure, therefore, continue growing for a longer time at a constant growth rate, as shown in Fig. 2h , because the coalescence and movement of the growing droplets to the flat top area of the bump continues to provide fresh sites for re-nucleation and growth.
As the growing droplet begins to cover the curved edges, the shape of the rectangular structure-flat with curved borders-also lends itself to a mechanism to transport the droplet directionally, when topographical asymmetry is integrated into the design. Whereas a droplet growing on a rectangular column will eventually fall off in a random direction (Fig. 3a) , the addition of a gradually widening slope descending from one side is expected to promote downward motion by enabling the drop to transition to a completely flat surface. As shown by the numerical calculation ( Supplementary Fig. 6 ) the total free energy of the dropletbump-vapour system is lowest when the droplet is on a completely flat region of such an asymmetric convex structure where the diameter of a droplet d equals the width of the underlying asymmetric convex structure W (Fig. 3b) . Simulation (using the Surface Evolver program; http://facstaff.susqu.edu/brakke/evolver/evolver.html) suggests that the capillary force resulting from this energy profile on a surface with negligible friction would lead the drop to move down the slope towards the wider flat area (represented by the yellow surface in Fig. 3b) such that it will no longer overlap with the curved regions.
To experimentally validate the latter hypothesis, we fabricated asymmetric bumps with a tangential connection between the descending slope and the surrounding flat regions (Fig. 3c) . The negligible friction and pinning assumed in the numerical calculation were achieved by incorporating the pitcher-plant-inspired slippery nanocoating 11, 17, 18 on top of the entire surface. On the fabricated slippery asymmetric structures, droplets move even against gravity ( Fig. 3d and Supplementary Video 3) because in such a system the capillary effect is dominant compared to gravitational effect (as captured by the Bond numberthe ratio between gravitational force and capillary force-which is (ρ water − ρ air )gr 2 /γ LV ≈ 1/7 at the length scale of the droplet, where ρ water and ρ air are the density of water and air, g is the gravitational constant, r is the radius of the droplet, and γ LV is the surface tension of the watervapour interface). In addition, even though the lowest energy point for the moving droplet with a constant diameter is not the bottom of the bump (that is, its widest region) and the droplet might be expected to be pinned upon reaching the point where d =W, the droplet (indicated by a yellow arrow in Fig. 3d ) keeps moving and accelerating as its size grows by coalescing with other small droplets on its path (for example, as indicated by an asterisk in Fig. 3d) , thus continuing to satisfy the condition d > W. This mechanism guides droplet motion solely along the direction determined by the widening slope, regardless of the orientation of the bump relative to gravity, as shown in Fig. 3e and Supplementary Videos 4 and 5.
When surface structures are designed to optimize and integrate all of these mechanisms cooperatively, droplets rapidly grow and start to shed much earlier than on other state-of-the-art surfaces. Figure 4a provides quantitative analysis of the droplet growth as a function of time, comparing the performance of slippery and superhydrophobic surfaces with and without asymmetric bumps. In agreement with earlier studies 6, 7, 11, 17 , flat slippery surfaces outperform superhydrophobic 
surfaces in droplet size measured at a given time. Moreover, owing to the higher diffusion flux at the apex of the convex features, both slippery asymmetric bumps (solid black line) and superhydrophobic asymmetric bumps (dotted black line) show faster localized droplet growth in the early stage (t < 10 3 s) than do their flat controls. Even more interestingly, surfaces with slippery asymmetric bumps show a unique discontinuous behaviour, with a slope of ~0.82 at the early stage and ~6.4 at the later stage of droplet growth, which is more than sixfold higher than the maximum slope (~1) observed in typical droplet growth dynamics 27, 28 . Supplementary Figs 7 and 8 demonstrate the importance of combining all the described features of the multi-scale surface structures in achieving successful droplet growth and transport: the absence of any of the design components noticeably slows down droplet growth dynamics. The accelerated growth (slope of 6.4) captured by the magnified view in the inset of Fig. 4a (see Supplementary  Fig. 9 for more information about the accelerated growth of individual droplets compared to other controls) can be interpreted as the feedback between coalescence-driven growth and capillary-driven transport discussed above. As a result, the fast-growing droplets on the slippery asymmetric bumps, which are aligned with gravitational force, are delivered to the bottom of the slope at a size where they can then be transported by gravity, while droplets on the adjacent flat slippery surfaces are still far below the critical shedding diameter (Fig. 4b) .
In our experiments, droplets shed from the slippery bumps within t first ≈ 10 3 s (where t first is the average time at which the first three drops are transported solely by gravity), whereas droplets on LETTER RESEARCH other state-of-the-art surfaces grow slowly, and shed much later (for example, t first ≈ 4 × 10 3 s on flat slippery surfaces) or do not shed for more than t ≈ 10 4 s (for example, on superhydrophobic surfaces and all other controls shown in Supplementary Figs 7 and 8 ). Owing to this faster droplet growth and transport performance, which yields a continuous, rapid steady-state turnover, a slippery surface with an exemplary array of the asymmetric structures designed in this study (Fig. 4c and Supplementary Video 6) shows a volume of water turnover an order of magnitude greater than that of the flat slippery surfaces and other state-of-the-art surfaces (for which t first > 200 min as shown in Fig. 4a and Supplementary Fig. 7 ) developed for dropwise condensation [4] [5] [6] [7] 11, 12, 15, [17] [18] [19] [20] . Further analysis of the steady-state turnover kinetics over 7 h (Supplementary Fig. 10 ) highlights that the volume of water collected on the slippery surfaces with asymmetric structures progressively outpaces that collected on the control surface, with the advantage continuously becoming greater with time even after both reach t first . By coupling fast growth and fast transport, the integrated bump design not only eliminates the long onset delay observed on other surfaces but also yields a substantially higher steady-state turnover rate. This combination of short response time and reliable, high-volume long-term performance are critical in numerous applications based on condensation, transport, and phase-change heat transfer, such as heat exchange, dehumidification, and desalination systems. The central principles derived in this work further enable the manipulation of drop behaviour against an unfavourable temperature gradient. Although larger droplets are expected at a colder surface, a drop at the apex of a bump with a small radius of curvature shows the opposite trend: increased drop size at higher temperature ( Supplementary Fig. 4a ). This unusual behaviour is relevant to pipe geometry, an analogous form of convex curvature that is widely used in phase-change heat transfer (Supplementary Fig. 4b ).
In summary, we have achieved unprecedented droplet growth and transport by designing surfaces covered with slippery asymmetric bumps based on quantitative models that integrate three mechanisms-(1) optimization of focused diffusion flux by the radius of curvature and shape of the apex, (2) asymmetric topography that guides the droplet off the bump by optimizing the free-energy profile, and (3) positive feedback between capillary transport and continued growth by coalescence along the slope.
The rapid turnover kinetics, with fast onset and sustained continuous shedding rate, combined with the ability to defy a temperature gradient, are crucial not only for water-harvesting applications, particularly in hot, arid regions where condensed water droplets will evaporate if they do not shed after a limited time, but also for many phase-change heat-transfer applications requiring reliable steady-state performance. It may also be possible to create switchable water-transporting surfaces with flexible topographical features that can be tuned by external stimuli, and to discover fundamental principles of droplet growth and transport in practical and more complex situations such as with strong airflow.
